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PHYSICS OF PLANETARY ATMOSPHERES 11: 
THE FLUORESCENCE OF SOLAR I O N I Z I N G  RADIATION 
t and M.B. McElroy by A. Dalgarno 
ABSTRACT 
The mid-day dayglow in t ens i t i e s  a r i s i n g  from the  fluorescence of so l a r  
ion iz ing  r ad ia t ion  are calculated.  
120 km of the  O+(2P-2D) l i n e s  a t  117319-73302, t he  Meinel band system of 
The predicted overhead i n t e n s i t i e s  above 
NT, t he  f i r s t  negative system of $, the  f i r s t  negative system of 
Hopfield emission system of 0; and the second negative system of 2 
respec t ive ly ,  500 R - 1 kR, 9 kR, 600 R, 2 kR, 600 R and 400 R. 
1. INTRODUCTION 
When so la r  u l t r a v i o l e t  rad ia t ion  ionizes  an  atmospheric cons t i tuent ,  
t he  pos i t ive  ion may be l e f t  i n  an exci ted e l ec t ron ic  l eve l  which can 
radiate.  
ground-level instrumentation, thereby providing an op t i ca l  method fo r  t he  
inves t iga t ion  of the  ionosphere. In pa r t i cu la r ,  it may be possible  t o  * 
monitor the s o l a r  ionizing radiat ions by observations i n  the v i s i b l e  i l l .  
The f luorescent  emission may be detectable  using rocket-borne o r  
2. ION PRODUCTION RATES 
The absorption of ionizing rad ia t ion  by atomic oxygen can lead t o  a 
s ign i f i can t  population of several  excited s t a t e s  of the  r e su l t i ng  pos i t ive  
ion .  
according t o  
Thus the  e j ec t ion  of an outer s h e l l  e l ec t ron  from atomic oxygen proceeds 
2 2 4 3  O ( l s  2s  2p ) P + hv + O+(ls22s22p3) 4S + e 
2 2 4 3  2 2 3 2  
O ( l s  2s  2p ) P + h v  -f O+(ls 2s 2p ) D + e 
2 2 4 3  
O ( l s  2s  2p ) P + hv --* O+(ls22s22p3) 2P + e, 
t K i t t  Peak National Observatory, Tucson, Arizona, U. S. A. * 
Numbers i n  [ 1 throughout the  text  represent  reference numbers. 
(3) 
1 
t h e  s p e c t r a l  heads of which a r e  located a t ,  respec t ive ly ,  9108, 732g, and 
6638. 
according t o  
The e j e c t i o n  of an inner she l l  e l ec t ron  from atomic oxygen proceeds 
(4 1 
(5) 
2 2 4 3  
2 2 4 3  
O ( l s  2 s  2p ) 
O(ls 2s 2p ) 
P + hv + O+(ls22s2p4) 41? + e 
P + hv +. O+(ls22s2p4) 2P + e, 
the  s p e c t r a l  heads of which are located a t ,  respec t ive ly ,  434g and 3108. 
The conf igura t ion  of molecular n i t rogen  i n  the ground state i s  
(KK Og 2s2 Uu 2s2 2p2 U 2p2) 'Z+. The f i r s t  ion iza t ion  p o t e n t i a l  of 
N2 is  equivalent i n  energy t o  a wad leng th  of 796g, corresponding t o  the  
t r ans i t  ion 
g 
I (6) 
1 +  + 2 +  
N2 (X C ) + h v + N 2  (x C g )  + e  g 
i n  which a cr 2p e l ec t ron  i s  ejected.  
corresponding t o  the  t r a n s i t i o n  
A t  732g, a su2p e l e c t r o n  can be e j ec t ed ,  g 
+ 2  N2 (x 'C+ ) + hv --t N2 (A nu) + e 
g 
and a t  6618 a oU2s e l ec t ron  can be e jec ted ,  corresponding t o  the  t r a n s i t i o n  
1 +  + 2 +  
N2 (X 2 ) + h v  + N2 (B Xu ) + e 
g 
The loca t ion  of t he  s p e c t r a l  head for t he  e j e c t i o n  of a og2s e l e c t r o n  
corresponding t o  
1 +  + 2 +  
N2 ( X  C ) + hv -+ N2 ( Cg) + e 
g 
l i s  uncer ta in  and we  have assumed a r b i t r a r i l y  t h a t  it i s  350g. 
( 9 )  
The conf igura t ion  of mo ecular ox gen i n  the ground state i s  
(KK O g 2 s 2  Uu 2s2 (5 2p2 5 2 &  s 2p2) 'E;. A t  1026g, a ng2p e l e c t r o n  can 
be e j e c t e d  corresponding t o  g g 
(10) 
+ 2  O2 (X 3C- ) + hv -, O2 (X n ) + e 
g g 
A t  767g, a gU2p e l e c t r o n  can be e jec ted  corresponding t o  
(11) 
3 4 
O2 (X C- ) + hv + 0; ( a xu) + e g 
and a t  729& a r[ 2p e l e c t r o n  corresponding t o  
U 
A o 2p e l ec t ron  can be e j e c t e d  by r ad ia t ion  shor t e r  than perhaps 6828 g 
2 
c o r r  e s ponding t o  
+ 
O2 (X 'E, ) + hv -, O2 (b 4C- ) + e 
g 
and a uu2s e l e c t r o n  by r a d i a t i o n  shorter than 504g corresponding 
O2 (X 'Cg ) + hv --f O2 + 4  (e C; ) + e. 
There are $ther d i scon t inu i t i e s  i n  the  photoionization c ross  s e c t i o n  
y ie ld ing  0 i n  un ident i f ied  d ublet  and qua r t e t  ,& and C states. W e  have 
assumed a r i i t r a r i l y  t h a t  t he  '% s t a t  s are energeticallflaccessible t o  
r a d i a t i o n  shor t e r  than 4308 and the 
3 108. 
5 C states t o  r a d i a t i o n  shor t e r  than 
The photoionization c ross  sections f o r  t h e  ind iv idua l  t r a n s i t i o n s  are 
a v a i l a b l e  f o r  atomic oxygen from theore t i ca l  ca l cu la t ions  [ 21. 
oxygen and molecular nitrogen w e  have assumed, following earlier work [ 3 ] ,  t h a t  
whenever the  photon energy i s  such t h a t  a m u l t i p l i c i t y  of ionizing t r a n s i -  
t i o n s  can occur the  p robab i l i t y  of a p a r t i c u l a r  t r a n s i t i o n  is  proportional 
t o  t h e  s t a t i s t i c a l  weight of t he  product pos i t i ve  ion  states and we  have 
employed the  measured t o t a l  c ross  sections of Huffman, Tanaka and Larrabee 
[41, Cook, Ching and Becker [51, and Samson and Cairns [61. Schoea 171 has 
r e c e n t l y  given estimates of the percentages of photoionizing t r a n s i t i o n s  i n  
molecular oxygen and n i t rogen  which terminate i n  p a r t i c u l a r  states. X i s  
estimates are uncer ta in  but  they suggest t h a t  fo r  t he  production rate of 
t h e  A2xU state should be increased by 50% and the  production rate of t h e  
B2Cf s ta te  should be decreased by 75%, the production rate of the ground 
state being a l t e r e d  so t h a t  no change i n  the  t o t a l  N+ 
should be decreased by 30% and t h e  production rate of t h e  b4Cg state should 
be increased by loo%, the produc ion rate of rhe ground s ta te  being a l t e r e d  
s o  t h a t  no change i n  the  t o t a l  0 2  production rate occurs. 
changes cons i s t en t ly  throughout the ca lcu la t ions .  
For molecular 
2 
roduction rate occurs. 
They suggest t h a t  f o r  O+ t he  production rates of t he  2 g  a nu and A 2 a  states 
$ W e  have made these  
For the d i s t r i b u t i o n  of neut ra l  p a r t i c l e s  w e  have used t h e  a n a l y t i c a l  
r ep resen ta t  ions introduced by Bates [ 8 1 and tabula ted  by McElroy [ 9 1. 
Our ca l cu la t ions  r e f e r  t o  t h e  model atmosphere with an exospheric temperature 
of 75OoK, a temperature grad ien t  of 20 OK km' 
t he  p a r t i c l e  d i s t r i b u t i o n s  l i s t e d  in  Table 1. This atmosphere is i n  harmony 
with t h a t  derived by Hinteregger, Hall and Schmidtke [ l o ]  from an  ana lys i s  
of s o l a r  u l t r a v i o l e t  absorption (cf. McElroy[lll). For t h e  inc ident  f lux  of 
s o l a r  photons we have used values reported by Hinteregger [ 12 1, Hinteregger, 
H a l l  and Schmidtke [ 10 1, H a l l ,  Schweizer and Hinteregger [ 13 1, and H a l l ,  
Schweizer , Heroux and Hinteregger [ 141. 
are presented i n  Tables 2, 3 and 4. 
a t  an a l t i t u d e  of 120 km and 
The r e s u l t i n g  ion  production rates 
3 
TABLE 1 
























































































































1.74( 5 )  
4 
TABLE 2 
O+ PRODUCTION RATES CM-3 
























1.23( - 1) 




















1.29( - 1) 












































2.54( - 1) 
4.40( - 1) 









1.44( - 1 )  
5 
TABLE 3 
N; PRODUCTION RATES 
B%+ A1 ti tude( km) A U 



















































































-k PRODUCTION RATES CM'3 O2 
State 4 
Altitude(km) a U 
2 
A 
















































1.45( - 1) 





































1.6 1( -4) 
1.47 (-3) 















3. EXCITATION REMOVAL PROCESSES 
3.1 Atomic Oxygen Ions 
The exci ted 0' 4P state produced by (4) w i l l  decay rap id ly  according 
t o  t h e  allowed t r a n s i t i o n  
+ 2 4 4  2 2 3 4  0 (1s 2s2p ) P -P O + ( l s  2 s  2p ) S + hv 
with the  emission of a photon of  wavelength 8332 which can be absorbed by 
atomic and molecular oxygen i n  the  t r a n s i t i o n s  (1) and (10) respect ively.  
The exc i ted  state produced by (5) w i l l  a l s o  decay rap id ly  e i t h e r  through 
+ 2 4 2  2 2 3 2  0 ( IS  2s2p ) P -+ O+(ls 2s  2p ) D + hv 
with the emission of a photon of wavelength 5372 or through 
+ 2 4 2  + 2 2 3 2  
0 (1s 2s2p ) P -+ 0 (1s 2s  2p ) P + hv 
with the  emission of a photon of wavelength 581%. 
Dalgarno 1151, t he  relative probabi l i ty  of occurrence of (16) t o  (17) i s  
3.27. I n  both cases, t he  emitted photon produces fu r the r  ion iza t ion  and 
t h e  rates of population of the  metastable states of O+ are s l i g h t l y  increased 
by t h e  cascade processes, 
The r ad ia t ive  l i f e t ime  of t h e  *D 12 metastable s t a t e  of 0' i s  5 x 10 
According t o  Cohen and 
3 
sec and of t he  2 DSj2 state, 2 x lo4 ,  f161. They can be deactivated by 
e l ec t ron  impact 
(18) 
+ 2  + 4  
e + O  ( D ) - + e + O  (S), 
t he  rate coe f f i c i en t  of which is about 3 x 10-8cm3sec-1[16] or  by c o l l i s i o n s  
with neut ra l  p a r t i c l e s  such as ion-atom interchange 
O+(2D) + N2 + NO' + N 
and charge t r ans fe r  
O ( D ) + N 2 - , 0 + N 2 .  + 2  + 
+ Omholt [17] has pointed out t h a t  i f  the  N 
v = 1 vibra t iona l  l eve l  of t he  A nu s t a t e ,  t he  process is  i n  c lose  resonance 
and Hunten [181 has presented evidence t h a t  t he  1-0 and 1-2 bands of the  
Meinel sys  e m  may of ten  have anomously high i n t e n s i t i e s  during auroras. 
severa l  groups (cf. Chamberlain [191). 
w a s  not pos i t i ve ly  iden t i f i ed  u n t i l  the  g rea t  red aurora of February l l t h ,  
1958 when Wallace [20] resolved the two l ines .  
ion  i n  (20) is produced i n  the  2 2 
The O+( 2 6  D- S) mult ip le t  a t  Xh3729-3726 has been observed i n  auroras by 
It is  var iab le  i n  occurrence and 
I ts  weakness i n  ordinary 
9 
auroras suggests t h a t  deac t iva t ion  is  severe and there  seems l i t t l e  possi-  
b i l i t y  t h a t  s i g n i f i c a n t  r a d i a t i o n  can occur i n  t h e  normal dayglow. However, 
i f  (20) is  responsible f o r  suppressing the  emission there  may occur an 
enhancement of t he  v' = 1 progression of the  Meinel band system, a poss i -  
b i l i t y  t o  which w e  s h a l l  r e t u r n  i n  Section 4. 
2 The r a d i a t i v e  l i f e t i m e  of t he  P1 metastable s ta te  is  5 sec and of t he  
2P3/2 metastable state 4 sec and s ign i  f i can t  r a d i a t i o n  may arise from the  2P 
states [l], t h e  computed overhead in t ens i ty  a t  noon i n  the  absence of 
deac t iva t ion  being 1.5 kilorayleighs.  
a c t i v a t i o n  by impacts with the  ambient e l ec t rons  
The 2P states w i l l  undergo some de- 
+ 2 4  e + O+ ( 2 ~ )  + e  + o ( D, SI. 
W e  adopt the  e l e c t r o n  dens i ty  d i s  r i bu t ion  l i s t e d  i n  Table 1 and a rate 
c o e f f i c i e n t  a! fo r  (21) of 1 x lo-' cm3 sec'l [16]. The e f f e c t  of e l e c t r o n  
impact deac t iva t ion  on the  luminosity a l t i t u d e  p r o f i l e  of r a d i a t i o n  emitted 
by O+(2P) i s  shown i n  Figure 1. 
overhead i n t e n s i t y  from 1.5 t o  1.3 k i loray le ighs .  
Electron impact  deac t iva t ion  reduces t h e  
2 2  The P- D mu l t ip l e t  at AA7319-7330 has been observed i n  auroras~17,20 ,21]  
and Chamberlain [191 has argued tha t  t h e  observations ind ica t e  some deactiva- 
t i on ,  occurring presumably through reac t ions  imilar t o  (19) and (20). The 
e f f e c t s  of a deac t iva t ion  coe f f i c i en t  of lo-'' cm3 sec" i n  c o l l i s i o n s  with 
N2 on the  a l t i t u d e  p r o f i l e s  of r ad ia t ion  emitted from the  2P states are 
i l l u s t r a t e d  i n  Figure 1. The emission a t  low a l t i t u d e s  i s  suppressed and 
the  peak i n t e n s i t y  occurs a t  200 km instead of 150 km. The overhead i n t e n s i t y  
i s  reduced from 1.3 t o  0.5 kilorayleighs.  
Because of t he  uncer ta in ty  i n  t he  deac t iva t ion  c o e f f i c i e n t ,  accura te  
pred ic t ions  of the  i n t e n s i t i e s  of the four l i n e s  of t he  2P-2D mul t ip l e t  are 
not poss ib le .  The i n t e n s i t i e s  given i n  Table correspond t o  no deac t iva t ion  
by N and t o  a deac t iva t ion  coef f ic ien t  of 10-10cm3 sec-1. They are cons is ten t  
with an earlier estimate [l]. 2 
3.2 Molecular Nitrogen Ions 
+ 2 +  The exc i ted  N ( C ) molecules produced by (9) w i l l ,  i f  s t a b l e ,  decay 3 2 r a p i d l y  t o  the  B xu an 
i n  t h e  u l t r a v i o l e t  region of the  spectrum and it w i l l  be reabsorbed by 02 
and 03. 
state i n  which case i t s  population i s  increased by about 12%. 
A 5 s t a t e s .  The r e s u l t i n g  emission i s  concentrated 
We assume a r b i t r a r i l y  tha t  the  cascading i s  primarily t o  the  A2xU 
2 The A Q and B 2 C i  states both decay r ap id ly  by allowed t r a n s i t i o n s  
giving r i s e  respec t ive ly  t o  the  infra-red Meinel system and the  f i r s t  negative 
system. Deactivation is unimportant and t h e  rates of population shown i n  
Figure 2 are a l s o  t h e  rates of emission of t h e  two systems. The overhead 
10 
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TABLE 5 
INTENSITIES AT NOON OF THE O+(% - 2D) LINES 
Intensity i n  Rayleighs 
No Deactivation N Deactivation 




% - 2D 
1/2 
2P 112 - 2Ds/2 
2 
3/2 - D3/2 2P 
2 














i n t e n s i t i e s  are shown as functions of a l t i t u d e  i n  Figure 3. Above 120 km t h e  
i n t e n s i t y  of the  Meinel system i s  9 kR and t h e  i n t e n s i t y  of the  f i r s t  negative 
system i s  600 R. 
It i s  not poss ib le  t o  p red ic t  with confidence the  d i s t r i b u t i o n s  of 
i n t e n s i t i e s  wi th in  the  band systems because a s i g n i f i c a n t  cont r ibu t ion  t o  
photoionization may come from autoionizing processes [ 7 1  which do not neces- 
s a r i l y  conform t o  the  Franck-Condon pr inc ip le .  I f  au to ioniza t ion  is  not 
important t he  v ib ra t iona l  d i s t r ibu t ions  are governed mainly by the  Franck- 
Condon f a c t o r s  [221 and the  in t ens i ty  d i s t r i b u t i o n  i n  the  f i r s t  negative 
system should approximate t h a t  of Table 6. The i n t e n s i t y  d i s t r i b u t i o n  i n  
the Meinel system is  less w e l l  determined but  perhaps 3 kR w i l l  appear i n  the  
(2,O) band a t  78501, 1.5 kR i n  t h e  (3,l)  band a t  808052, and 750 R i n  the 
(4,2) band a t  83211. 
3.3 Molecular Oxygen Ions 
+ 
2 The unident i f ied  doublet and quartet  states of 0 w i l l  decay r ap id ly  by allowed t r a n s i t i o n s  i n  t h e  u l t r a v i o l e t  o r  they may d i s soc ia t e  i n t o  0 and O+. 
The cascading t r a n s i t i o n s  w i l l  increase the  populations of the lower ly ing  
l e v e l s  of O+ but i n  no case w i l l  the  increase  exceed 10% and w e  exclude the  
high ly ing  states from f u r t h e r  consideration. 2 
4 -  4 -  The c C and b C states produced r e spec t ive ly  by (14) and (13) w i l l  
r a d i a t e  by aylowed t r s n s i t i o n s .  
emission bands c4C- - b4Cg i n  t h e  u l t r a v i o l e t  [23] and the  la t ter  t o  t h e  
f i r s t  negative ban8 system b4C- - 84% i n  the  region of 60001. 
is unimportant and the  rates of population shown i n  Figure 4 are a l s o  t h e  
rates of emission of the  two systems. The overhead i n t e n s i t i e s  are shown 
as  functions of a l t i t u d e  i n  Figure 5. Above 120 km, the i n t e n s i t y  of t he  
Hopfield emission bands i s  600 R and of the  f i r s t  negative system 2 kR. 
The former gives rise t o  the  Hopfield 
Deactivation 
The v ib ra t iona l  d i s t r i b u t i o n  i n  t h e  f i r s t  negative system which occurs 
i f  the Franck-Condon p r inc ip l e  is applicable (see however [71) is  given i n  
Table 7. 
2 The A TC state produced by (12) decays t o  the  ground state wi th  t h e  
emission of rhe  second negative band system i n  t h e  u l t r a v i o l e t .  
luminosity p r o f i l e  is i l l u s t r a t e d  i n  Figure 4 and t h e  overhead i n t e n s i t y  
i n  Figure 5. Above 120 km t h e  overhead i n t e n s i t y  is 420 R. 
The 
4 The a TC, s t a t e  produced by (11) and by cascading from the b4C- state 
is  metastable. 
by c o l l i s i o n  processes such as atom-atom interchange 
It i s  probably severely deactivated by e l ec t ron  imBacts and 
14 
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and little emission is to be expected. With our (arbitrary) assumptions 
about the individual photoionization cross sections, the integrated rate of 
production of metastable molecules above 120 km is 1.5 x lo9 cm'2 sec-1 
compared to a total O+ production rate of 1.3 x 1010 cm-2 sec-l. 
metastable a 4 ~  0; molecules may play a significant role in determining 
ionospheric composition in the E and lower F regions. 
Accordingly 
20 
4. OTHER EXCITATION MECHANISMS 
The exc i ted  ion ic  states may be populated by o ther  mechanisms i n  
add i t ion  t o  the  d i r e c t  absorption of s o l a r  r ad ia t ion .  
t he  f a s t  photoelectrons produced by photoionization and the  neu t r a l  atmos- 
phe r i c  p a r t i c l e s  c o n s t i t u t e  a source of e x c i t a t i o n  which may be s i g n i f i c a n t .  
Detailed ca l cu la t ions  w i l l  be required i n  general bu t  an estimate of t h e  
e l e c t r o n  impact cont r ibu t ion  t o  the f i r s t  negative system of n i t rogen  can 
be  r e a d i l y  obtained using the  known e f f i c i ency  wi th  which e l ec t rons  absorbed 
i n  a i r  produce 3914% emission (cf.  Dalgarno [241). 
respons ib le  f o r  about 450 R above 120 lan. 
(cf.  Chamberlain [191) e l e c t r o n  impact wi th  t h e  pos i t i ve  ions gives a 
neg l ig ib l e  cont r ibu t ion  despi te  the l a rge  threshold c ross  sec t ions .  
Col l i s ions  between 
Electron impacts are 
It may be shown t h a t  as i n  auroras 
Resonance s c a t t e r i n g  of s o l a r  r ad ia t ion  by t h e  pos i t i ve  ions must be a 
major source of e x c i t a t i o n  i f  t he  upper state is access ib le  by an allowed 
t r a n s i t i o n  from the  ground state. Thus resonance s c a t t e r i n g  by N ground 
s t a t e  ions cont r ibu tes  t o  the N f i r s t  negative and Meinel band systems and 
resonance s c a t t e r i n g  by 0 ground s t a t e  ions c n t r i b u t e s  t o  the  O+ second 
negative system. Resonance sca t t e r ing  by O+ a'% metastable molecules may 
con t r ibu te  t o  the  O+ f i r s t  negative system. 







and Nidey 1251 and by Zipf and Fas t i e  [261, who have shown t h a t  wi th  
p l aus ib l e  assumptions about the  J!J+ dens i ty  d i s t r i b u t i o n  the  measured in ten-  2 s i t i es  of 5 IcR a t  $ s o l a r  zen i th  angle  of 76' 1251 and of 7 kR a t  a s o l a r  
z e n i t h  angle of 60 
predicted i n t e n s i t y  from fluorescent s c a t t e r i n g  and from e lec t ron  impact i s  
seve ra l  hundred ray le ighs  f o r  the so la r  angles obtaining during the  measure- 
ments but t h e i r  cont r ibu t ions  a re  detectable i n  p r inc ip l e  by a d e t a i l e d  
ana lys i s  of t he  luminosity p r o f i l e  low i n  the  atmosphere where the re  are 
few ions and by the  Swings e f f ec t  (cf. 1271, [251). 
[251 can be explained by resonance sca t t e r ing .  The 
Zipf and F a s t i e  f261 have concluded from t h e i r  observations t h a t  t he  
e f f i c i e n c y  with which photoionization of n i t rogen  produces a 3914% photon 
is a t  most 5%. Our pred ic t ions  a t  120 km, based on Schoen's d a t a  171 and 
assuming no cont r ibu t ion  by downward t r a n s i t i o n s  from the  2C+ state, are 
equiva len t  t o  an e f f i c i ency  of 2.7% f o r  photoionization and En e f f i c i e n c y  
of 3.n f o r  t he  associated e l ec t ron  impact ion iza t ion .  
t he  composition of t he  neu t r a l  atmosphere are such t h a t  t he re  is  not neces- 
s a r i l y  any discrepancy. 
The u n c e r t a i n t i e s  i n  
Spec i f ic  c o l l i s i o n  processes by which an ion is  converted i n t o  a d i f f e r e n t  
spec ies  may lead  t o  s e l e c t i v e  enhancements of s p e c t r a l  fea tures .  Only one 
appears t o  be of i n t e r e s t  f o r  ion ic  emissions. 
removed by 
I f  a l l  the  O+(2D) ions w e r e  
2 1  
4 kR of radiation would occur in the Meinel bands originiating i n  the v = 1 
l e v e l ,  comparable to  that anticipated from fluorescence. The alt i tude 
distributions of the two sources would d i f f er  s ignif icantly,  fluorescence 
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